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r responsibility ofAbstract Atmospheric pressure MOCVD was used to deposit ZnO layers on sapphire and
homoepitaxial template under different oxygen ﬂow rates. Oxygen content affects the lattice
constant value and texture coefﬁcient of the ﬁlms as evidenced by the y–2y peaks position and their
intensity. Films deposited at lower oxygen ﬂow rate possess higher value of strain and stresses. ZnO
ﬁlms deposited at high oxygen ﬂow rates show intense UV emissions while samples prepared under
oxygen deﬁcient conditions exhibited defect related emission along with UV luminescence. The
results are compared to the ZnO ﬁlms deposited homoepitaxially on annealed ZnO samples. The
data obtained suggest that ZnO stoichiometry is responsible for the structural and optical quality of
ZnO ﬁlms.
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Chinese Materials Research1. Introduction
ZnO, with its wide band gap and stable room temperature
excitonic states, has many potential applications in short
wavelength light-emitting devices such as UV and blue LED/
LDs [1], planar optical wave guides [2], piezoelectric actuator
for micromachines [3], and gas sensor [4]. The stable excitonic
states and exciton-based light emitting processes in ZnO make
possible the fabrication of high efﬁciency photonic devices atsting by Elsevier B.V. All rights reserved.
Fig. 1 Schematics of the APMOCVD setup: T1—low tempera-
ture zone for Zn precursor evaporation; T2—reaction zone; and
T3—substrate location zone.
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other devices such as thin ﬁlm transistors, transparent electro-
des, varistors and solar cells.
Several different approaches have been used to synthesize
nano- or polycrystalline ZnO thin ﬁlms such as molecular
beam epitaxy (MBE) [5], atomic layer deposition (ALD) [6],
pulsed laser deposition (PLD) [7], chemical vapor deposition
combined with metal-organic precursors (MOCVD) [8] or
enhanced by plasma discharge (PECVD) [9], radio-frequency
and direct current magnetron sputtering [10,11], etc. Among
these, MOCVD offers several advantages over the conven-
tional physical vapor deposition (PVD) techniques such as the
production of high-quality ﬁlms through ﬁne tuning of various
processing parameters, elimination of pinhole type defects,
and low particle count in addition to its simpler economic
equipment and higher throughput [12]. In MOCVD system,
high-quality epilayers strongly depend on the selection of
reactant source as Zn or O precursors during the growth
process. So far, CO2, NO2, N2O, O2 and iso-propanol [13–17]
have been used as the oxygen precursors, among which O2 is
more advantageous due to lack of incorporation of impurities
such as carbon, nitrogen or hydrogen. Compared to a variety
of oxygenic precursors, only two common zinc precursors,
diethylzinc (DEZn) and dimethylzinc (DMZn) are favorable.
Due to the aggressive gas-phase pre-reaction with oxygen, few
results about ZnO using DMZn as Zn precursor have been
reported as yet [15,16].
One of the challenges is to achieve device-quality ZnO ﬁlm
growth on relatively inexpensive sapphire substrates. ZnO ﬁlms
deposited on c-plane sapphire have high residual carrier concen-
trations, high dislocation density, low crystal quality and show a
rough surface morphology due to the large lattice mismatch and
large difference in the thermal expansion coefﬁcients [9,18]. The
latter makes it difﬁcult to produce high-quality stress-free epitaxial
ZnO ﬁlms on (0001) sapphire. To reduce the defect density in the
layers, homoepitaxy of ZnO is of interest. However the rough
surfaces of ZnO ﬁlms in homoepitaxial growth remain proble-
matic although the layers seem to be stress free. To improve the
crystalline quality of ZnO, buffer layer has been grown at low
temperature prior to the growth of ZnO main layer [9].
The present work describes the growth of ZnO ﬁlms on
sapphire (0001) and homoepitaxial templates by controlling
the oxygen ﬂow rates during the atmospheric pressure
MOCVD growth at 500 1C. The structural and emission
properties of ZnO ﬁlm grown with different oxygen contents
and homoeptaxially were examined.2. Experimental procedure
For the growth of ZnO thin ﬁlms, zinc acetylacetonate (Zn(AA)2)
and oxygen were used as the only precursors. The growth setup
consists of a long quartz tube, which is heated from the walls by
a multi-zone oven. APMOCVD growth reactor (Fig. 1) can be
divided into three zones with respect to the temperature inside the
reactor [19]. The ﬁrst temperature zone (T1) is in the range
between 150 1C and 180 1C. The Zn (AA)2 boat is placed in this
zone. The temperature in the second zone (T2) is ranging from
180 1C to 350 1C. In this zone, the inlet of the gaseous precursor
and carrier gases is placed. The temperature range in the third
zone (T3) is between 350 1C and 500 1C. The substrate is located
perpendicularly to the reagents ﬂow in the T3 temperature zone.Ar gas ﬂow transports the vapor of thermally decomposed Zn
precursor to the reaction zone, where due to mixing with oxygen,
the ZnO deposits onto the substrate. The main technological
parameters to be controlled are substrate temperature (Ts¼T3),
oxygen ﬂow rate, temperature of Zn precursor evaporation (TZn),
argon ﬂow rate and time of growth (t).
A set of samples was prepared on sapphire Al2O3 (0001) at a
substrate temperature of 500 1C. Samples A and B were prepared
at different oxygen ﬂow rates (Table 1). Sample A was deposited
under oxygen rich condition: oxygen ﬂow was 50 sccm. Sample B
was grown at oxygen low condition: oxygen ﬂow was 25 sccm at
the same temperature. Additionally, ZnO ﬁlms were grown
homoepitaxially on specially prepared substrate: ﬁrst, ZnO:Ga
(1wt%) ﬁlms were deposited by PEMOCVD on Al2O3 (0001)
substrate. Then the sample was cleaved into two parts: one of
them as a template for sample C was annealed at 900 1C in air
while the other template for sample D was annealed at 300 1C for
the same time (30 min). After annealing procedures we grew ZnO
ﬁlms homoepitaxially on these templates. All the growth condi-
tions and samples are listed in Table 1.
Scanning Electron Microscopy study was performed to reveal
the morphology and microstructure of the grown material (Leo
1550 Gemini SEM). The AFM images were taken in tapping
mode using a Digital Nanoscope Dimension III system with a
lateral scan range up to 1 104 m (100 mm). The structural
properties of the samples were measured by XRD using a Siemens
D5000 difractometer, utilizing Cu-Ka radiation (l¼0.1542 nm).
Micro-photoluminescence measurements were carried out at room
temperature with the frequency doubled Nd:YVO 4 laser as
continuous wave excitation source giving a 266 nm wavelength.
The laser was focused onto the sample with a reﬂecting micro-
scope objective. The emitted light was collected by the same
objective and mirrored into a single grating 0.45 m monochro-
mator equipped with a liquid nitrogen cooled Si-CCD camera
with a spectral resolution of about 0.1 meV.3. Results and discussion
We have investigated the inﬂuence of different oxygen content on
the crystal structure of ZnO/Al2O3. The y–2y XRD patterns of
samples A and B are presented in Fig. 2(a). The XRD data
conﬁrm the polycrystalline nature of the ﬁlms showing the main
reﬂections characteristic of ZnO wurtzite structure. It can be seen
S. Hussain et al.46that in both samples, the (002) peak becomes more intense and
sharp as compared to the other peaks. The intensity of (002) peak
in the XRD pattern depends on the number of grains with the c-
axis orientation in ZnO. The ﬁlm exhibits other peaks such as
(101), (103), (101), etc., which correspond to a granular structure
of the ﬁlms. The full width half maximum intensities of (002)
peaks for samples A and B were 0.561 and 0.511 respectively.
Using the Bragg equation, value of the lattice constant c for
samples A and B were calculated to be 5.203 A˚ and 5.192 A˚ which
are slightly different from the values obtained for the strain-freeTable 1 List of samples prepared by APMOCVD and the main
Nr. Sample Ts, (1C) QO2 (
A ZnO/Al2O3 500 50
B ZnO/Al2O3 500 25
C ZnO/ZnO:Ga (1at%) 500 50
D ZnO/ZnO:Ga (1at%) 500 50
Ts,substrate temperature; QO2,oxygen ﬂow rate; TZn,Zn precursor eva
standard cubic centimeter per minute at STP).
Fig. 2 The y–2y XRD spectra of ZnO, deposited on Al2O3 substr
C—annealed at 300 1C (b), and D—annealed at 900 1C (b).
Table 2 Data of XRD analysis for ZnO deposited on Al2O3 a
reﬂection, interplanar spacing d, c-lattice constant, strain e, stress
coefﬁcient TC. All the data were calculated according to [31–38].
Sample A B
Sample description ZnO/Al2O3(High O2
content)
ZnO/Al2O3(low O2
content)
2y(002),(deg) 34.44 34.53
d (A˚) 2.601 2.596
c (A˚) 5.203 5.192
e 103 0.59 2.82
G (GPa) þ0.1387 þ0.6578
FWHM (deg.) 0.56 0.51
Grain size (A˚) 162.0 162.5
Dislocation
density 105 (A˚)2
3.81 3.80
Texture coefﬁcient (Tc) 2.93 1.37bulk ZnO (5.206 A˚) [20]. This implies that a compressive strain
along the c-axis exists in the ZnO ﬁlms. This may arise from the
relatively large a-lattice mismatch between the ZnO and Al2O3
substrate. In the case of ZnO (0001) on the Al2O3 (0001)
substrates, the lattice mismatch is isotropic and the amount is
þ18.3% (compressive) for 301-twisted ﬁlm or31.5% (tensile) for
non-twist ﬁlm [21]. It has been reported that at growth tempera-
ture of 500 1C, 301-twisted ﬁlms are obtained. At this temperature
zinc atoms diffuse more freely on the surface of the substrate.
Thus compressive stress is built up in the ﬁlm as shown in bothdeposition parameters.
sccm) TZn, (1C) QAr (sccm) t (min)
160 200 12
160 200 12
160 200 10
160 200 10
poration temperature; QAr,organ ﬂow rate; t,time (SCCM denotes
ates at A–low oxygen content (a), B—High oxygen content (a),
nd ZnO/ZnO:Ga (1%wt)/Al2O3: peak position (2y) of (002)
G, FWHM, grain size, dislocation density and (002) texture
The standard value of c-lattice constant ZnO¼5.206 A˚ [39].
C D
ZnO:Ga (1wt%)/Al2O3
annealed at 300 1C
ZnO:Ga (1wt%)/Al2O3
annealed at 900 1C
34.51 34.42
2.597 2.603
5.195 5.206
2.24 0.019
þ0.5235 þ0.0004
0.50 0.44
163.0 188.3
3.76 2.80
1.67 2.77
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(002) plane correlates with the maximum preferred orientation of
the ﬁlms along the diffraction plane. It means that the increase in
preferred orientation is associated with the increased number of
grains along that plane. High oxygen content enhances the
preferred orientation as one can see for sample A (Table 2).
The AFM images of ZnO:Ga (1wt%) template are shown in
Fig. 3. The annealing temperature has a strong inﬂuence on the
grain size. For sample C annealed at 300 1C (Fig. 3(a)), the
average grain size is 60 nm, while for sample D annealed at 900 1C
(Fig. 3(b)), the grain size increased dramatically to 267 nm, mainlyFig. 3 AFM surface images of prepared templates: (a) ZnO:Ga ﬁ
(b) annealed at 900 1C.
Fig. 4 (a) SEM surface images of ZnO with high oxygen content, (b) l
300 1C, and (d) annealed at 900 1C.due to high annealing temperature. Thus the growth orientation
develops into one crystallographic direction of the low surface
energy, leading to the improvement of ZnO crystallinity [23].
A considerable increase in the surface roughness of the ﬁlm can
also be observed for sample D. The rapid increase in the surface
roughness may be due to the large grain size. From the XRD
measurement grain sizes of ZnO ﬁlms were calculated for
preferential orientations by using the Scherrer formula. The grain
size of ZnO samples analyzed by AFM (60 nm and 267 nm) is
much greater than that by XRD (162 A˚ and 162.5 A˚). This may
suggest that AFM gives the surface particle size, while XRD giveslms (1wt%) deposited by PEMOCVD, annealed at 300 1C; and
ow oxygen content, (c) images of ZnO/ZnO:Ga/Al2O3 annealed at
S. Hussain et al.48the volume grain size. There is a difference between the grain size
measurements by two methods like SEM and XRD. In SEM, the
grain size is measured by the distances between the visible grain
boundaries while in the XRD method what is measured is the
extent of the crystalline region that diffract X-ray coherently. This
is a more stringent criterion and leads to smaller grain size [24].
The SEM images of samples A and B are shown in Fig. 4. The
ZnO layers were found to be polycrystalline in nature and consist
of nanosized grains. For sample A, deposited at high oxygen
content, the grains become larger in size (150 nm), compared to
the ﬁlm grown at low oxygen content. The samples grown at low
oxygen ﬂow rate display rather similar microstructure; however,
the polycrystalline grains are not regular in shape as shown in
Fig. 4(b).
The XRD patterns of samples C and D grown on homotaxial
template ZnO:Ga (1%wt)/Al2O3 and annealed at 300 1C and
900 1C are shown in Fig. 2 (b). In both patterns, only sharp (002)
peaks were observed indicating that the as-grown ﬁlms show a
preferred orientation along the c-axis perpendicular to the
substrate. With the increase in annealing temperature to 900 1C,
the (002) and (004) peaks become more intense and a marked
decrease in the (002) peak widths is observed. The ZnO layers
seem to be stress free. Stress reduction is consistently accompanied
by an increase in crystallinity. Higher annealing temperatures
improve the crystal quality of the ZnO:Ga (1wt%) ﬁlms because
the crystallites become larger. In addition to an increase in the
grain size, the concentration of the point defects such as oxygen
vacancy and zinc interstitial decreases during air annealing [25,26].400 500 600 700
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Fig. 5 RT PL spectra of ZnO/Al2O3: (a) high oxygen content; (b
at 900 1C.The increase in preferred orientation is attributed to the increased
number of grains along the plane. Therefore lower values of
texture coefﬁcient reveal that the ﬁlms have poor crystallinity and
the crystallinity may be improved by higher annealing tempera-
tures as shown in sample D (Table 2).
SEM images of the homoepitaxial ZnO ﬁlms (Fig. 4) show that
the ﬁlms become smoother with the increase in annealing
temperature to 900 1C as compared to the ﬁlm grown on a
template annealed at 300 1C. It demonstrates that the quality of
ZnO ﬁlm was improved due to redistribution of the crystalline
grain by supplying sufﬁcient thermal energy and the small grain
islands have joined into a greater crystalline surface [27], which
correlates with the XRD result.
We investigated room temperature photoluminescence (PL)
properties of the samples prepared. Generally, ZnO ﬁlms display a
UV near-band-edge (NBE) emission peak around 380 nm, a green
emission around 510 nm, a yellow emission around 590 nm, and a
red emission around 650 nm [28]. The origin of the green and red
emissions is attributed to defect levels associated with oxygen
vacancies or Zn interstitials [29]. Fig. 5 shows PL spectra and
Table 3 presents main characteristics of the PL of each ZnO ﬁlm.
All the spectra contain a sharp peak of the near band edge
emission (NBE) due to band-to-band transitions with maximum
at 376 nm. The optical properties of ZnO ﬁlms are dependent on
the oxygen content variation: with decrease in the oxygen content
clear appearance of the deep level emission (DLE) occurs. This is
in agreement with the statement that oxygen vacancies are
responsible for DLE as can be seen in sample B (Fig. 5(b)).400 500 600 700
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) low oxygen content, (c) annealed at 300 1C, and (d) annealed
Table 3 The data of RT PL of ZnO on Al2O3 (high and low oxygen content) and different annealing temperatures.
Sample/substrate NBE DLE S, a,u.
Iint(a.u) l (nm) FWHM, nm Iint(a.u.) l (nm) FWHM, nm
ZnO/Al2O3 High O2 content 1.2055 106 377.914 13.219 6928142 656.13 115.48 1.74
ZnO/Al2O3 low O2 content 909962 377.914 14.965 7618551 656.34 113.99 1.194
ZnO/ZnO:Ga (1at%)/Al2O3 annealed 300 1C 878205 377.914 15.201 3031000 656.4 114.76 0.289
ZnO/ZnO:Ga (1at%)/Al2O3 Annealed 900 1C 1.6012 106 382.536 13.519 1361790 624.11 150.99 1.175
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indicating that ﬁlm deposition temperature is the most responsible
parameter for the non-radiative centers concentration. This deep-
level emission (DLE) is commonly associated with the lattice
defects in the ﬁlms such as oxygen vacancy (Vo), interstitial zinc
(Zni), zinc vacancy (VZn) and interstitial oxygen (Oi) [29]. It has
also been reported that the crystal quality affects the origin of
green emission in ZnO, hence the improvement of the crystal
quality (reduction in the impurities and structural defects such as
oxygen vacancies and dislocations etc.) can enhance the near band
edge emission with reduction or vanishing of the green emission
[30]. In order to evaluate the contributions of NBE emission and
DL emissions, we introduce a ‘‘ﬁgure of merit’’, deﬁned as
S¼Il(NBE)/Il(DLE), where Il(NBE) is the integral spectral intensity
of the NBE emission peak and Il(DLE) is the integral spectral
intensity of the DLE peak. For the samples without obvious
visible luminescence, Il(DLE) was calculated as the area of the
background signal in the range 450–650 nm. The summarized
data deduced from the PL spectra are presented in Table 3. For
sample D (Fig. 5(d)) which was annealed at 900 1C, NBE emission
peak was intense enough. The value of FWHM is 13.15 nm,
which proves that the ﬁlm has less structural defects and better
crystalline structure than the other samples, which is supported by
XRD, AFM and SEM analysis. The small full width at half
maximum (15–130 nm) of the excitonic peak is comparable to gas
phase grown ZnO ﬁlms [31]. However PL spectra of ZnO on both
homo-templates also display DLE. The intensity of UV emission
increases in sample D, while the deep level emission is suppressed,
indicating that the optical properties of ZnO ﬁlms are affected by
different annealing temperatures and higher annealing tempera-
ture reduces the defects and impurities in these ﬁlms. For sample
C (Fig. 5(c)), the intensity of DLE increases with decreasing
annealing temperature. This indicates that by decreasing the
annealing temperature, the number of nonradiative recombination
centers also decrease. The DLE becomes dominant over the NBE
emission. The ﬁlm quality becomes degraded, as conﬁrmed by
XRD and SEM analysis.4. Conclusion
In summary, ZnO layers have been deposited at various oxygen
ﬂow rates as well as via application of a homoepitaxial template.
The results indicate that the structure, surface microstructure,
and optical properties of the ﬁlms are strongly dependent on the
oxygen pressure as well as temperature. ZnO ﬁlms deposited at
high oxygen content have good optical properties: intense peak
of UV emission was observed, while the samples prepared at
oxygen deﬁcient conditions exhibited defect related emission
along with UV luminescence. PL measurements showed thatNBE emission peak is clearly observable in all the samples. The
intensity of the UV emission in homoepitaxial ZnO ﬁlms
increases with increase in annealing temperature which is
beneﬁcial for the quality of the subsequently grown ZnO ﬁlms.References
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